Abstract . The expression of the cell-cell adhesion molecules E-and P-cadherin has been analyzed in seven mouse epidermal keratinocyte cell lines representative of different stages of epidermal carcinogenesis . An inverse correlation between the amount of E-cadherin protein and tumorigenicity of the cell lines has been found, together with a complete absence of E-cadherin protein and mRNA expression in three carcinoma cell lines (the epithelioid HaCa4 and the fibroblastoid CarB and CarC cells) . A similar result has been detected in tumors induced in nude mice by the cell lines, where induction of E-cadherin expression takes place in moderately differentiated squamous cell carcinomas induced by HaCa4 cells, although at much lower levels than in well-differentiated tumors induced by the epithelial PDV or PDVC57 cell lines. Complete absence of E-cadherin expression has been C ELL adhesion mechanisms play a major role in vital processes such as embryogenesis, tissue and organ pattern formation and maintenance of specific tissue architecture (Edelman, 1985 ; Thiery et al., 1982) . Calciumdependent cell-cell adhesion molecules are one ofthe major components involved in the various processes of intercellular adhesion . In vertebrates, calciumdependent cell-cell adhesion molecules identified so far constitute a family of transmembrane glycoproteins, of 119-135 kD, for which the general term cadherins has been proposed (see Takeichi, 1988 Takeichi, , 1990 .
C ELL adhesion mechanisms play a major role in vital processes such as embryogenesis, tissue and organ pattern formation and maintenance of specific tissue architecture (Edelman, 1985 ; Thiery et al., 1982) . Calciumdependent cell-cell adhesion molecules are one ofthe major components involved in the various processes of intercellular adhesion . In vertebrates, calciumdependent cell-cell adhesion molecules identified so far constitute a family of transmembrane glycoproteins, of 119-135 kD, for which the general term cadherins has been proposed (see Takeichi, 1988 Takeichi, , 1990 .
The different members of the family, identified in various tissues and species, can be grouped in three distinct categories, exemplified in the mouse by (a) N-cadherin (Hatta and Takeichi, 1986; Hatta et al., 1985) , present mostly in neural tissues ; (b) E-cadherin (identical to uvomorulin) (YoshidaNoro et al., 1984; Hyafil et al., 1980; Peyrieras et al., 1985) , expressed in epithelial tissues ; and (c) P-cadherin, present both in epithelial and nonepithelial tissues with major prevalence at the placenta (Nose and Takeichi, 1986) . All members of the family present strong homology at the amino acid © The Rockefeller University Press, 0021-9525/91/10/517/17 $2 .00 The Journal of Cell Biology, Volume 115, Number 2, October 1991517-533 observed in spindle cell carcinomas induced by CarB or CarC cells. P-cadherin protein was detected in all cell lines that exhibit an epithelial (MCA3D, AT5, PDV, and PDVC57) or epithelioid (HaCa4) morphology, as well as in nude mouse tumors, independent of their tumorigenic capabilities. However, complete absence of P-cadherin was observed in the fibroblast-like cells (CarB and CarC) and in spindle cell carcinomas. The introduction of an exogenous E-cadherin cDNA into HaCa4 cells, or reactivation of the endogenous E-cadherin gene, leads to a partial suppression of the tumorigenicity of this highly malignant cell line. These results suggest a role for E-cadherin in the progression to malignancy of mouse epidermal carcinogenesis . They also suggest that the loss of both E-and P-cadherin could be associated to the final stage of carcinogenesis, the development of spindle cell carcinomas.
level Hatta et al., 1988; Ringwald et al., 1987) , but distinct immunological properties and binding specificities Miyatani et al., 1989) . The pattern ofexpression and binding specificities ofthe different subfamilies are consistent with the proposed role of these molecules in the segregation of differentiating tissues during embryogenesis and in the morphogenetic processes involved in the generation of an organism (Takeichi, 1988 (Takeichi, , 1990 (Takeichi, , 1991 .
During tumorigenesis, profound alterations in intercellular and cell-to-substratum interactions take place (for reviews, see Hynes, 1989 ; Parish et al ., 1987) . Such alterations are particularly evident in tumorigenesis of epithelial tissues, where the malignant cells have to pass through the basement membrane barrier in order to invade and metastasize other tissues . Even before invading adjacent tissues, the malignant cells loosen their adhesion to their original neighbors. The molecular mechanisms underlying such alterations are largely unknown and only recently have begun to be investigated . Among them, changes in cell-cell interactions mediated by the cadherin family of molecules in rela-tion to malignancy have received increasing interest in the last few years. Studies on tissue sections of various human carcinomas have shown that E-cadherin is expressed in both differentiated and dedifferentiated tumors (Eidelman et al., 1989; Shimoyama et al., 1989) , although lower levels appear to be present in poorly differentiated carcinomas (Shimoyama et al., 1989) . A recent study on E-cadherin expression in several human carcinoma cell lines indicates that acquisition ofthe invasion properties ofdedifferentiated fibroblastoid carcinoma cells is associated with the loss of E-cadherin expression (Frixen et al., 1991) . These observations, together with previous similar results with H-ras-transformed MDCK cells (Behrens et al., 1989) , support a role for E-cadherin as an antiinvasive molecule, and as a marker ofthe differentiation grade of epithelial carcinomas (Frixen et al., 1991) . The expression of P-cadherin has so far only been reported in one study ofhuman epithelial carcinomas (Shimoyama et al., 1989) .
Our laboratory is investigating the role ofE-and P-cadherin during the tumorigenic process ofmouse epidermal carcinogenesis. Both cadherins are the only members ofthe calcium dependent cell-cell adhesion molecules expressed in normal mouse skin with P-cadherin restricted to the proliferative basal layer and E-cadherin expressed in the basal and suprabasal layers (Nose and Takeichi, 1986) . The model of twostage mouse skin carcinogenesis is based in the progressive induction of premalignant papillomas and invasive carcinomas by treatment with initiating and promoting chemical agents (Boutwell, 1974; Hecker, 1978; Hennings et al., 1985) . A variety ofcell lines can be derived from tumors and by in vitro transformation of primary epidermal cells, providing the opportunity of an in vitro approach to the mouse skin carcinogenesis system (for review, see Balmain and Brown, 1988) .
In this study, we have analyzed the expression of P-and E-cadherin in seven mouse epidermal keratinocyte cell lines, ranging from immortalized nontumorigenic to highly malignant carcinoma-derived cells, which express morphological phenotypes in culture of epithelial, epithelioid or fibroblastoid cells. All cell lines used in this study have been previously characterized in regard to their expression of normal and mutant H-ras alleles (Quintanilla et al., 1986 (Quintanilla et al., , 1991 and to their differentiation pattern in relation to cytokeratin expression (Dfaz-Guerra, M., C. Bauluz, S. Haddow, J. L. Jorcano, A. Cano, A. Balmain, and M . Quintanilla, manuscript submitted for publication). An inverse correlation between the amount of E-cadherin protein present and the tumorigenicity ofthe different cell lines has been found . This correlation has been detected both in cell cultures and in tumors induced by injection of the cell lines in nude mice. Complete absence of both E-and P-cadherin has been detected in cells and tumors of two spindle carcinoma fibroblastoid cell lines, whereas F-cadherin, but not E-cadherin, was present in a squamous cell carcinoma line. Furthermore, we show that a partial suppression of the tumorigenicity can beobtained by transfection ofE-cadherin cDNA intothis latter, highly malignant epithelioid carcinoma cell line. Our results suggest that, in mouse epidermal carcinogenesis, the progressive loss of E-cadherin can contribute to the malignancy of squamous cell carcinomas. On the other hand, the complete loss of both E-and P-cadherin could also play a
The Journal of Cell Biology, Volume 115, 1991 role in the further progression towards poorly differentiated spindle cell carcinomas.
Materials and Methods

Cell Lines and Growth Conditions
The origin of the mouse epidermal keratinocyte cell lines used in the present study (MCA3D, AT5, PDV, PDVC57, HaCa4, CarB and CarQ is described elsewhere (Dfaz-Guerra, M ., C. Bauluz, S. Haddow, J. L . Jorcano, A . Cano, A . Balmain, and M . Quintanilla, manuscript submitted for publication) and is briefly summarized in Thble I . All of the epidermal cell lines were grown in HAM F-12 medium supplemented with a complete set of amino acids (Gibco Ltd ., Paisley, Scotland), 5 or 10% FCS and the antibiotics amphotericin B (2 .5 /ig/ml), ampicillin (100 kg/ml), and gentamicin (32 pg/ml) (Sigma Chemical Co., St . Louis, MO) . Mouse 10TV2 fibroblasts were cultured in Dulbeccds MEM supplemented with 10% FCS and antibiotics . Cells were grown at 37°C in a humidified 5% COZ atmosphere .
7Mnsfection Procedure HaCa4 cells were cotransfected with the pBATEM-2 and the pSV2neo vectors (Southern and Berg, 1982) by the calcium-phosphate coprecipitation method essentially as described by Nose et al . (1988) . Transfection with 1 jug of pBATEM-2 and 0.1 ug of pSV2neo was carried out in Dulbeccds MEM supplemented with 10% FCS. After 18 h, the DNAcontaining medium was replaced by fresh HAM F-12 containing 10% FCS, and 24 h later selection with 0.4 mg/ml G418 (Gibco Ltd .) was begun .
Resistant colonies were isolated and tested for E-cadherin expression by immunofluorescence staining and Western immunoblotting. Positive cells were subcloned and used for further studies . The pBATEM-2 vector was kindly provided by M Takeichi (University of Kyoto, Kyoto, Japan), and the pSV2neo vector by J. L . Jorcano (CIEMAT, Madrid, Spain) .
7lumorigenicity Assays in Nude Mice
For the tumorigenicity test, cells were collected and washed in PBS and subcutaneously injected in male nu/nu mice, 8-10 wk old . 1 x 106 cells were used for a single injection . In different experiments, mice were either individually injected with the same cell line at three different sites (the two flanks and the neck) or double injected with distinct cells on the left and right flanks . Animals were observed for tumor formation and sacrificed when tumors reached a size of ti 2 cm .
Immunostaining and Histological Procedures
For immunofluorescent staining, cells were grown to confluence on glass coverslips and, after washing in PBS containing 2 .5 mM CaCIZ (or 2 mm EGTA), were fixed and permeabilized by the methanol-acetone method . Coverslips were incubated with the mAb ECCD-2 (11500) or PCD-1 (1/20) as described (Shirayoshi, 1986 ; Nose and Thkkeichi, 1986) . Goat anti-rat IgG coupled to rhodamine or fluorescein compounds (Nordic Immunologicals Lab., Tilburg, The Netherlands) were used as second antibodies .
Immunocytochemical staining of tumors with the mAb ECCD-2 (11250) and PCD-1(1/20) was carried out on frozen tissue . Fresh surgically excised tumors were embedded in OCT compound, frozen in liquid nitrogen, and stored at -70°C. Cryostat sections of 5-6 pm were immunostained by the alkaline phosphatase method using biotinylated sheep anti-rat Ig (1/200, Amersham International, Amersharn, England) and extravidin-alkaline phosphatase complex (1/250, BioMakor, Rehovot, Israel) . The alkaline phosphatase activity was developed using naphtyl ASMX phosphate as substrate and Fast-Red as the chromogen group (Sigma Chemical Co.) . As negative control, we used rat anti-mouse Ig as the primary antibody. Immunocytochemical staining of normal mouse skin showing the specific staining pattern of both antibodies was used as positive control .
Dilutions of anti-cadherin antibodies were made in 150 mM NaCl, 10 mM Hepes, pH 7.4, 10 mM CaCIZ (HMF-Ca buffer), containing 1% (wt/vol) BSA and secondary antibodies in PBS containing preimmune goat serum (1 :50 dilution) . The mAb ECCD2 and PCD-1 were a generous gift of M . Takeichi .
Histological analysis of tumors was carried out on 5-6-pm sections of paraffin embedded material . Morphology of the cell lines in culture indicated as : Ep, epithelial; E; epithelioid ; and F, fibroblastoid . t Levels of E-cadherin detected in whole cell extracts, quantified from densitometric scans of three different sutoradiograms such as that shown in Fig . 4 B, are indicated as the percentage of the level detected in MCA3D extracts . ß Levels of P-cadherin in whole cell extracts, quantified from the densitometric scan of the autoradiogram shown in Fig . 4 
Preparation of Cell Extracts and Western Blotting
Whole-cell extracts, without trypsin treatment, were obtained as follows . Cells grown to confluence on P-100 dishes were washed twice with HMF-Ca buffer and lysed in 0.5 ml lysis buffer (100 mM NaCl, 50 mM Tris-HCl, pH 7.4, 5 mM MgC12, 1% Triton X-100, 0.1% SDS, 0.5% Na-deoxycholate, 0.05 % NaN3) containing 10 mM CaC12 and a mixture of protease inhibitors (2 mM PMSF, 2 mM iodoacetic acid, 2 mM N-ethylmaleimide, and 1% trasylol ; Sigma Chemical Co.) . After centrifugation, supernatants were collected, adjusted to lx Laemmli sample buffer and fractionated on 10% PAGE-SDS gels, as described (Laemmli, 1970) . Trypsin treatment of cells, in the presence of 2 .5 mM CaC12 or 2 mM EGTA, was carried out as described (Yoshida-Noro et al ., 1984) . Cell pellets were then resuspended in 100 al lysis buffer containing 2 .5 mM CaC12 and the mixture of protease inhibitors and treated as described above .
Western blot analyses of the various cell extracts were carried out essentially as described (Towbin et al ., 1979) . Samples containing identical amounts of total proteins were run on 10% PAGE-SDS gels and transferred to nitrocellulose paper. After staining with Ponceau Red, the filters were immunoblotted with the mAb ECCD-2 or PCD-1 as described previously (Nose and Takeichi, 1986) .
Northern and Southern BlotAnalyses
Total RNA from the different cell lines were isolated by the guanidiumthiocyanate procedure (Chomczynski and Sacchi, 1987) . Denatured RNA (10 lAg) from each sample were fractionated on 1% agarose gels using formaldehyde-phosphate buffer (Rave et al ., 1979) and transferred to nylon membranes (Zeta Probe ; BioRad, Madrid, Spain) using IOx SSC as described (Maniatis et al ., 1982) . Hybridization to 32 P-labeled probes was carried out in 4x SSC, 5 mM EDTA, 20 mM H2NaPO4, pH 7.0, 1% SDS, 10 x Denhardt s solution containing denatured salmon sperm DNA (200 pg/ ml) for 20 h at 65°C. Filters were then washed twice in 2x SSC, 0.1% SDS at 65°C for 10 min and twice in O.lx SSC, 0.1% SDS at 65°C for 20 min . After hybridization to the E-cadherin cDNA probe, the filters were rehybridized with the 0-actin cDNA probe in the same conditions .
DNA from the different cell lines was obtained by conventional methods (Maniatis et al ., 1982) . 10 ug of each DNA sample were digested with BamHI or EcoRl restriction enzymes (Boehringer Mannheim S .A ., Barcelona, Spain) and fractionated on 0.7 % agarose gels . After blotting to nylon membranes, hybridization to the 32 P-labeled E-cadherin cDNA probe was performed in a solution of 5x SSPE, 50 mM H2NaPO4, pH 7.4, 10 mM Navarro et al . E-Cadherin and Malignancy in Epidermal Carcinogenesis sodium pyrophosphate, 0 .1% SDS, 2x Denhardt's solution, containing denatured salmon sperm DNA (200 ug/ml) for 20 h at 65°C. Filters were washed in 2x SSPE, 0.1% SDS for 10 min at room temperature, followed by 30 min at 65°C in the same buffer (lx SSPE : 180 mM NaCl, 10 mM H2 NaPO4, 1 mM EDTA, pH 7.0) .
The probe used for E-cadherin detection was the 0.9-kb BamHI fragment cut from the pBATEM-2 plasmid, containing coding sequences from nucleotides 993 to 1920 ; and for 0-actin, a 0.6-kb EcoRI-HindID fragment of rat 0-actin cDNA kindly provided by J . G. Castano (Department of Biochemistry, Universidad Autónoma de Madrid, Madrid, Spain). Inserts were isolated from plasmids by electrophoresis in agarose, purified by a Geneclean kit (Bio 101 Inc., La Jolla, CA) and labeled by the random primer method (Feinberg and Vogelstein, 1983) .
Results
Identification ofE-and PLCadherin in Mouse EpidermalKeratinocytes
The mAbs ECCD-2 and PCD-1 have been shown to recognize mouse E-and P-cadherin, respectively (Shirayoshi et al., 1986; Nose and Takeichi,1986) . Using these antibodies, we have studied the expression of both proteins in seven mouse epidermal keratinocyte cell lines. These include immortalized nontumorigenic keratinocytes (MCA3D, KuleszMartin et al., 1983) , a cell line derived by transfection of the human 124 H-ras oncogene into MCA3D cell (AT5) (Quintanilla et al., 1991) , transformed keratinocytes obtained by treatment of primary epidermal cells with the carcinogen DMBA (PDV and PDVC57; Bremner and Balmain, 1990; Quintanilla et al., 1991) and cell lines derived from carcinomas induced in vivo by the HaMSV retrovirus and TPA (HaCa4; Brown et al ., 1986) or by DMBA/TPA treatment (CarB and CarC ; Quintanilla et al., 1986) .
The cell lines were selected for this study because of their different tumorigenic capabilities in nude mice, ranging from non-tumorigenic to highly malignant (see Table I The immunofluorescent staining of the cells with the mAb ECCD-2 showed that the four epithelial cell lines, MCA3D, AT5, PDV, and PDVC57, were stained at the cell-cell contact Navarro et al . E-Cadherin and Malignancy in Epidermal Carcinogenesis regions ( Fig . 1, a-d ) . However, both the epithelioid HaCa4 and the fibroblastoid CarB cell line did not show any specific fluorescence with this mAb (Fig . 1 , e and g, respectively) . Similar negative staining was also observed in CarC cells (not shown) . On the other hand, immunofluorescent staining with the mAb PCD-1 showed that CarB and CarC cells were negative (Fig. 2 , e and h), whereas all the others, including HaCa4, were positive ( Fig. 2, a-d and g ) .
The antigens recognized by the mAb ECCD-2 and PCD-1 in the epidermal keratinocytes were identified as E-and P-cadherin, respectively, by several criteria . First, localization of the immunofluorescent staining at the cell-cell in-terfaces was dependent on the existence of established intercellular contacts. The immunofluorescence at the cell boundaries was observed only in confluent cells (Fig . 1, a-d , and Fig. 2, a-d andg) or within small colonies in low density cultures, but was absent at the limits of the islands where there are no neighboring cells (not shown) . Second, Western blotting of cell extracts obtained in the presence of calcium detected one ECCD-2 immunoreactive polypeptide of 124 kD (Fig. 3 A, lane 1, see also Fig . 3 B) , and one PCD-1 immunoreactive polypeptide of 119 kD (Fig. 3 C) , in agreement with the sizes previously reported for mouse E-and P-cadherins, respectively (Yoshida-Noro et al ., 1984; Hirano et al ., 1987 ; Nose and Takeichi, 1986) . And finally, both polypeptides disappeared when the cells were trypsinized in the presence of EGTA (see in Fig. 3 A, lane 2, one example for ECCD-2 detection); accordingly, the immunofluorescent staining disappeared when the cells were pretreated with EGTA before fixation (not shown) .
The Amount ofSoluble E-Cadherin Inversely Correlates with Tumorigenicity ofthe Epidermal Cell Lines
The levels of E-and P-cadherin protein expression were analyzed in whole cell extracts obtained by solubilization of confluent cell monolayers in the presence of calcium and protease inhibitors, as described in Materials and Methods. Aliquots of each cell extract, containing identical amounts of total protein, were loaded onto gels and blotted with ECCD-2 or PCD-1 mAb . The results of a representative experiment are presented in Fig . 3 , B and C Table I shows a quantitative determination of soluble E-and P-cadherin levels compared to the tumorigenic capabilities of the cell lines after injection in nude mice. As can be observed, an inverse (B and C) Whole cell extracts of the various cell lines were obtained from confluent cell monolayers, without trypsinization, and in the presence of 10 mM CaCI Z and protease inhibitors. Cell lysates were loaded on 10% PAGE-SDS gels at 50 lAg protein/lane, transferred to nitrocellulose membranes, and detected with ECCD-2 (A and B) or PCD-1 (C) mAbs . In A, migration of the molecular mass markers, in kilodaltons, is indicated on the left . In B and C, only the significant portion of the gels is shown ; migration of the molecular mass markers, 116, 97.4, and 66 kD is indicated by small marks on the right . The estimated molecular mass, in kilodaltons, of the antigens detected by both antibodies is indicated in each panel by arrowheads .
correlation between the amount of solubilized E-cadherin and tumorigenicity was found. MCA3D and AT5 cells, which are nontumorigenic and weakly tumorigenic, respectively, contained the highest levels of E-cadherin . The protein decreased in the moderately tumorigenic PDV and PDVC57 cell lines and was completely absent in the highly malignant carcinoma derived cells HaCa4, Carc (Fig . 3 B , Table I ) and CarB (Table I , see also Fig . 1 g) . The mouse 10TI/2 fibroblasts were used as a negative control . The levels of E-cadherin protein detected in whole cell extracts from PDV and PDVC57 cells were surprisingly low, as compared with the immunofluorescent analysis (see Fig. 1 ), which could suggest a stronger association of E-cadherin to cytoskeletal components in those cell lines . However, solubilization experiments of the E-cadherin protein with the detergent NP-40 (Hirano et al ., 1987; Nagafuchi and Tàkeichi, 1988) showed that the low amounts of E-cadherin detected in whole cell extracts of PDV and PDVC57 cells cannot be explained by such an association . In fact, lower levels of insoluble E-cadherin and a higher proteolytic sensitivity of the soluble component were detected in PDV and PDVC57, as compared with MCA3D and AT5 cells (not shown) .
In contrast to the above results, no correlation between the amount of solubilized P-cadherin protein and tumorigenicity was found in the cell lines which exhibited an epithelial or epithelioid morphology (Fig . 3 C, Table I ) ; high levels of the protein were detected in MCA3D, ÁI5, PDV, and HaCa4 cells, and lower in PDVC57 cells . However, no P-cadherin was detected in CarC (Fig. 3 C, Table I ) and CarB cell (Table  I) , in agreement with the immunofluorescent analysis .
The amount of E-cadherin mRNA in the various cell lines was analyzed by Northern blot hybridization using a specific cDNA probe (see Materials and Methods). A band of 4.5-kb was detected in AT5, PDV, and PDVC57 cells (Fig . 4 A, lanes 6, 5, and 4, respectively, see also Fig . 7 , lane 1, for MCA3D cells), with similar relative abundance in AT5 and PDV cells and slightly lower levels in PDVC57 cells . The size of this mRNA is identical to that previously reported for mouse E-cadherin mRNA . None of the carcinoma-derived cells, CarB, CarC, and HaCa4, contained detectable levels of this mRNA (Fig. 4 A, lanes 1-3) , whereas they expressed high levels of the 2.0-kb ß-actin messenger, used as an internal control (Fig. 4 B) . This suggested that, in carcinoma-derived cells, the absence of E-cadherin protein synthesis might occur at the mRNA transcriptional level (or mRNA stability) and prompted us to study the genomic integrity of the E-cadherin gene.
It has been clearly established that chromosomal aberrations, involving gross alterations of DNA sequences such as deletion, amplification, or translocation, are frequently observed in mouse skin carcinogenesis (Conti et al., 1986; Aldaz et al., 1989) . Genetic changes affecting specific genes, such as the H-ras oncogene, have also been reported in this system (Quintanilla et al., 1986; Bremner and Balmain, 1990) . To analyze the integrity of the E-cadherin gene in the carcinoma cell lines, we compared the restriction patterns of DNA isolated from the cells after digestion with BamHI or EcoRI enzymes by Southern blots. As shown in Fig . 4 B, the same BamHI restriction pattern with fragments of approximately 6 .7, 3.2, and 2 .8 kb, was observed in all cell lines . A similar result was obtained with EcoRI-digested DNA ( , where only minor differences in the number and the mobilities of the DNA fragments were observed in the PDV and PDVC57 cell lines (a single fragment of rv 3.4 kb instead of the two 3.6-and 3.3-kb fragments detected in the other cell lines ; Fig . 4 C, lanes 4 and 5) . These differences can be explained by the EcoRl polymorphism for the E-cadherin gene previously identified in the C57BL/6 mouse strain (Eistetter et al., 1988) , from which both PDV and PDVC57 cell lines were derived (Fusenig et al., 1982; Bremner and Balmain, 1990; Quintanilla et al., 1991) .
These results clearly suggest that the absence of E-cadherin expression observed in carcinoma-derived cells cannot be explained on the basis of large rearrangements or deletions affecting the E-cadherin gene, but rather point to inactivation of gene expression . The latter situation appears to be true, at least for HaCa4 cells, since reexpression of the E-cadherin gene takes place in tumors induced by this cell line (see below) .
Expression ofE-and RCadherin in Nude Mouse-induced Tumors
When the tumors induced by the cell lines in nude mice were immunohistochemically stained with the mAb ECCD-2, we observed that certain regions of the tumors induced by HaCa4 cells were positive for E-cadherin, indicating that expression of E-cadherin was reactivated in an in vivo environment. The staining, however, was restricted to the central differentiated regions and was completely absent from the highly anaplastic periphery of the tumors (Fig . 5 e) . duced tumors was different from that of PDV (Fig. 5 b) and PDVC57 (not shown) tumors, where E-cadherin appeared more widely and homogeneously distributed. A semiquantitative estimation of E-cadherin staining in the tumor sections suggests a range of protein expression similar to that observed in the cultured cell lines with PDV greater than that of PDVC57 which is much higher than that of HaCa4 . In all of these tumors, classified as squamous cell carcinomas by histological criteria (see Fig . 5 , a and d), E-cadherin immunostaining was always detected at the cell-cell contact areas ofdifferentiating and keratinizing regions and was absent from the more anaplastic cells (see Fig. 5 e, see also Fig. 8 b) . On the contrary, immunohistochemical staining of PDV and HaCa4-tumors with the mAb PCD-1, showed that P-cadherin protein was homogeneously distributed throughout the tumor sections and absent from the keratinized areas (Fig.  5, c and f) . Identical results were obtained with PDVC57 tumors (not shown) . No differences in PCD-1 staining were observed in tumors induced by PDV, PDVC57, and HaCa4 cells .
Complete absence of E-and P-cadherin protein expression was observed in tumors induced by the fibroblast-like CarB and CarC cells, as exemplified for one CarB-induced tumor shown in Fig. 5 , h and i. Tumors induced by these two cell lines were classified as spindle cell carcinomas (Fig. 5 g ), in agreement with the origin of both cell lines (Quintanilla et al., 1986 ).
Introduction ofExogenous E-Cadherin cDNA into HaCa4 Cells Confers a More Epithelial Phenotype and Partially Suppresses Tumorigenicity
To examine whether or not the forced expression of E-cadherin could change the tumorigenic potential of carcinoma cells, we chose the E-cadherin-negative, P-cadherin-positive, highly malignant HaCa4 cell line.
HaCa4 cells were cotransfected with the pBATEM-2 and pSV2neo vectors that contain the complete E-cadherin cDNA sequence (Nose etal ., 1988 ) and a neomycin-resistance gene (Southern and Berg, 1982) , respectively. Neomycin-resistant colonies were isolated and selection of the E-cadherin-expressing clones was carried out by immunofluorescence and Western immunoblotting. Some clones showed a marked morphological change to a more epithelial phenotype compared to the parental HaCa4 cells . The selected transfectants were further subcloned by limiting dilution .
Characterization ofthe Tlransfectants
Clones neo3 and neo2 were selected after transfection of HaCa4 cells with the neomycin-resistance vector alone and were used as controls in all subsequent analyses. Clone E5 was isolated because, although presenting a HaCa4-like phenotype and negative immunofluorescent staining with the mAb ECCD-2, it contained detectable amounts of soluble E-cadherin by Western blot analysis (not shown) . Subclones E54 and E58 were further isolated from the E5 clone, and characterized as E-cadherin positive (E-cad+) and E-cadherin negative (E-cadh-), respectively. Subclones E62 and E24, both E-cad+, were isolated from independent clones . Fig . 6 shows the morphology and the patterns of E-and P-cadherin immunofluorescence of various transfectants . As
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can be observed, the E-cad+ transfectants E62 (Fig. 6 d) and E24 (Fig. 6 g) presented an apparent change in their morphological phenotype compared with the control neo3 (Fig. 6 a) or the parental HaCa4 cells (see Fig . 1 f) . Clear and defined islands with strong intercellular contacts could easily be observed when the E-cad+ subclones were grown at low density, in contrast with the behavior of HaCa4 cells. A similar morphological change was also observed in the E-cad+ E54 transfectant subclone (not shown) . In contrast, the E-cad-subclone E58 showed the same morphological phenotype as control cells (Fig. 6 j) . Immunofluorescence analyses of the various cell clones using the mAb ECCD-2 showed that E62, E24 (Fig. 6 , e and h) and E54 (not shown) exhibited positive staining for E-cadherin at the cell-cell contact areas, whereas clones neo3 and E58 (Fig. 6, b and k) remained negative as the parental HaCa4 cell line (see Fig. 1 e) . On the other hand, staining with the mAb PCD-1 showed that all transfectants remained positive for P-cadherin (Fig. 6, c, f, i, and l) , as expected .
Expression of E-cadherin in the transfectants was further analyzed by Northern blot hybridization . As shown in Fig .  7 A, one specific band could be detected in the lanes corresponding to the E-cad+ transfectant clones, although at variable intensities . The size of the E-cadherin mRNA detected in the clones E5, E62, and E54 was -3.9 kb (Fig. 7 A, lanes 3, 4, and S, respectively), smaller than the endogenous E-cadherin mRNA (4.5 kb), of MCA3D cells (Fig. 7 A, lane 1, see also Fig. 4 A for the other cell lines) . Surprisingly, the size of the E-cadherin mRNA detected in clone E24 (4.5 kb) (Fig. 7 A, lane 2) corresponded to that of the endogenous mRNA, suggesting that this particular subclone had somehow switched on the endogenous E-cadherin gene during the transfection experiment. However, Western blot analysis for E-cadherin protein revealed that all E-cad+ transfectants synthesized a 124-kD reactive polypeptide, regardless of the size of their E-cadherin mRNA (Fig. 7 B, lanes 3-S) .
To characterize the genomic integration of the exogenous cDNA, Southern blot analyses were carried out . As can be observed in Fig . 7 C, the BamHI patterns of DNA digested from clones E62, E54, and E5 contained an additional hybridizing fragment of -0.9 kb, besides the normal 6.7-, 3.2-, and 2 .8-kb fragments (see also Fig . 4 C, for parental HaCa4 DNA) . The intensity ofthe 0.9-kb fragment was very weak, although detectable, in DNA from clone E5 (Fig. 7 C, lane 3) and strong in DNA from clones E62 and E54 (Fig. 7 C, lanes 4 and S, respectively) . The 0.9-kb band corresponds exactly to the expected size of the major fragment generated from the exogenous E-cadherin cDNA after BamHI digestion (Nagaf ichi et al., 1987) . Thus, the presence of this fragment is considered as diagnostic of the integration of the pBATEM-2 vector. This diagnostic 0.9-kb band was detected neither in DNA from the clones E24, E58, neo3 (Fig. 7 C, lanes 2, 6, and 7, respectively) , nor in that of the parental HaCa4 cells (see Fig . 4 C, lane 3 ). An additional fragment of rv 2.7 kb was also detected in the BamHI pattern of DNA from E62 and E54 subclones (Fig. 7 C, lanes  4 and S) , although at lower intensity than the 0.9-kb band . This 2 .7-kb fragment probably arose from partial digestion of the cDNA. Similar results were obtained from Southern blots after EcoRl digestion; a diagnostic band of 2.6 kb was detected in DNA samples from clones E62, E54, and E5, but was completely absent in DNA from clones E58, E24, and neo3 (not shown) . These results unambiguously demonstrate that subclones E62, E5, and E54 have stably integrated the exogenous E-cadherin gene, although at variable copy numbers. In contrast, the subclone E24 did not take up the exogenous cDNA, but activated the endogenous E-cadherin gene, expressing high levels of E-cadherin mRNA and protein. The subclone E58 neither integrated the exogenous cDNA nor switched on the endogenous E-cadherin gene, and its behavior is similar to that of the neo3 clone transfected with the neomycin vector alone. 
Tumorigenicity ofthe Ransfectants and Expression of E-cadherin in Nude Mouse-induced Tumors
The tumorigenic capability of the various transfectant cell lines was tested in nude mice using a double strategy. One series of mice was double injected as follows: each mouse Table II . From a total of 10 animals, 8 were killed at 9-11-d postinjection, and the other 2 animals survived for a longer period of 16 and 21 d. The tumorigenicity of the control clone neo3 (and neo2) was very close to that of the parental HaCa4 cells, giving rise to tumors of tit cm in size within the first 7-9 d. The transfectant cell clones which were E-cad-(such as E58), or weakly positive (such as E5) gave rise to tumors with similar latency periods and growth rates as neo3 or the parental HaCa4 cells. In contrast, all of the E-cad+ clones (E62, E54, and E24) gave rise to tumors with longer latency periods and a slower growth rate. As can be seen in Table II , all tumors induced by the control cells neo3 reached a size at least 10 times larger than those induced by E-cad+ cells at the killing date. A second series of mice was individually injected with each of the different cell clones at three sites. The animals were examined daily and sacrified when at least two of the sites developed tumors of -1.5-2 cm. Examples of three separate experiments are presented in Table III short latency periods and a fast growth rate (the doubling rate was -2 d) and all animals had to be killed within 9-11-d postinjection . Animals injected with E-cad+ clones survived for at least 15 d and, in general, the tumors developed with longer latency periods and slower growth rates as compared with those induced by E-cad-cells . The data in Table  III (experiments II and III) include two new cell lines (E24nm and E62nm), derived from nude mouse tumors induced by clones E24 and E62, respectively. As can be observed, both cell lines showed a tumorigenic behavior similar to that of the parental clones . A summary of the results of these assays, which includes the total number of tumors induced by the different clones, is presented in Table IV A clear-cut difference can be established between the tumorigenicity of E-cad-and E-cad+ cells. At least 60% of the tumors induced by E-cad-cells reached a size of 1 cm between 7 and 9 d after injection . The remainder of the tumors reached that size at day 11. In contrast, all tumors induced by E-cad+ cells developed with latency periods longer than 10 d, with a variable distribution between the different transfectants . E62-tumors have shorter Tables II and III , and additional data on single-injected animals . f The + and -symbols represent the relative levels of E-cadherin protein expressed by the different cell lines in culture, derived from immunofluorescence and Western blotting data. § The tumor induced by E62 in a double-injected mouse (neo3/E62) reached a size of 0 .5 cm when the mouse was sacrificed 9 d after injection (see Table II , experiment I, Mouse 4) . II The tumor had reached a size of -0 .2 cm when the mouse was killed 15 d after the injection (see Table III , Experiment III, Mouse 3) . 11 The mouse double-injected with neo3/E24 did not develop a tumor on the right flank when it was killed 9 d after the injection (see Table II , Experiment I, mouse 5) .
latency periods (10-14 d in 60% of the cases) than those induced by E54 cells (15-20 d in 80% ofthe tumors) . The most striking differences were found with the E24 clone, which induced tumors with latency periods longer than 20 d and slow growth rates (see Table III , Expt. 1, mouse 4).
From these experiments, we can conclude that the forced expression ofE-cadherin leads to a partial suppression of the tumorigenicity of the highly malignant HaCa4 carcinoma cell line.
Histological analysis ofthe tumors induced by the different transfectant cell clones indicated that all were squamous cell carcinomas (Fig. 8, a, d, and g ), as the parental HaCa4 cell line (see Fig . 5 d) . Immunohistochemical analysis of the tumors with the mAb ECCD-2 showed that all tumors expressed E-cadherin at variable levels . Tumors induced by the control clone neo3 showed a pattern of E-cadherin staining (Fig. 8 b) very similar to that of HaCa4-induced tumors ; a small number ofE-cadherin expressing cells restricted to the more differentiated and keratinized regions of the tumors. The same result was obtained in tumors induced by the E-cad-clone E58 (not shown) . Tumors induced by E-cad+ clones, such as E62, showed stronger staining for E-cadherin and a more homogeneous distribution throughout the tumor sections . Most of the cells of E62 tumors, including the less-differentiated ones, exhibited positive staining at the cell-cell contact areas, and the intensity of staining increased in the more differentiated and keratinized regions of the tumor (Fig. 8 e) . High levels of E-cadherin expression were also detected in E24-induced (Fig. 8 h) and E54-induced (not shown) tumors, although in these two cases the staining appears exclusively localized to the differentiating regions.
Immunohistochemical staining of the tumors with the mAb PCD-1 showed that both the intensity and the pattern ofP-cadherin staining was very similar in all tumors induced by either E-cad+ or E-cad-transfectant cells. High and homogeneous expression of P-cadherin was detected in all regions of the tumors, except in keratinazed areas from which it was excluded (Fig. 8, c, f, and i) . This is the same 
Discussion
Mouse epidermal carcinogenesis is an invaluable model system for the study ofmolecular events associated with tumor progression . In the present report, we have addressed the role of calcium dependent cell-cell adhesion molecules in carcinogenesis by analyzing the expression of E-and P-cadherins in a series of mouse epidermal cell lines representative of different stages of tumor progression and in tumors induced by injection of cells in nude mice. We have found an inverse correlation between the levels of solubilized E-cadherin and the tumorigenicity of the cell lines (Table I) . In addition, a complete absence of E-cadherin protein and mRNA was observed in the three carcinoma cell lines analyzed (HaCa4, CarB, and CarC) (see Figs. 1, 3 B, and 4 A) . In contrast, no apparent correlation was detected between P-cadherin protein levels and tumorigenicity. The highly tumorigenic HaCa4 cells expressed P-cadherin at even higher levels than the nontumorigenic MCA3D. However, P-cadherin was absent in two carcinoma cell lines, CarB and CarC (Figs. 2 and 3 C) .
HaCa4 cells derive from a squamous cell carcinoma induced by treatment of mouse skin with the HaMSV retrovirus and TPA (Brown et al ., 1986) ; they present an epithelioid morphology in culture (Fig. 1 f) and are highly tumorigenic in nude mice. The CarB and CarC cell lines originated from two independent, highly malignant spindle cell carcinomas induced by DMBA/TPA treatment (Quintanilla et al., 1986) and, consequently, exhibit a fibroblastoid phenotype in culture (see Fig. 1 h and Fig . 2, fand i) . The correlation observed between decreased amounts of E-cadherin protein and the tumorigenicity ofthe cells, together with the finding that E-cadherin expression is absent from cultured carcinoma cells, suggest a role for this cell-cell adhesion molecule in the progression to malignancy of mouse epidermal carcinogenesis . Another interesting point that emerges from this study is a possible role for E-and Rcadherin in the maintenance of cell shape. All the epidermal cells which express both E-and Rcadherin (MCA3D, AT5, PDV, and PDVC57) exhibit a typical epithelial morphology with a cobblestone pattern of growth, and express high amounts of cytokeratin (Dfaz-Guerra, M., C. Bauluz, S. Haddow, J. L. Jorcano, A. Cano, A. Balmain, and M . Quintanilla, manuscript submitted for publication). Switching off the expression of both cadherins correlates with a fibroblastoid morphology and with a highly malignant behavior, exemplified by the CarB and CarC cell lines. The HaCa4 cells represent an intermediate stage, with tumorigenic properties of carcinoma cells related to the absence of E-cadherin, but exhibiting an epithelioid morphology which can be explained by the high amounts of Rcadherin expressed .
These results are, in principle, in agreement with recent reports which suggest an anti-invasive role for E-cadherin (Behrens et al ., 1989; Frixen et al., 1991) . However, in those studies with H-ras-transformed MDCK cells (Behrens et al., 1989) and with human carcinoma cell lines (Frixen et al., 1991) , a direct correlation between the loss of E-cadherin expression and acquisition of an invasive fibroblastoid phenotype has been reported. We show here that this is not always the case and that, at least in epidermal cells, the phenotypic epithelioid-fibroblastoid conversion appears to be related with the loss of both E-and P-cadherin.
The analyses of E-cadherin gene organization in the epidermal cell lines by Southern blot hybridization suggest that E-cadherin gene inactivation in mouse carcinoma cells (see Fig. 4 , B and C) can be explained at the transcriptional level (or mRNA stability) as reported by Frixen et al. (1991) in human carcinoma cells . We have also found support for this hypothesis from our studies on E-cadherin expression in nude mouse tumors induced by these cell lines. Immunohistochemical staining of tumor sections with the mAb ECCD-2 showed that reexpression ofE-cadherin takes place in reduced areas of the tumors induced by HaCa4 cells. These observations support the existence ofa transcriptional block in cultured HaCa4 cells and that the E-cadherin gene can be activated in an in vivo environment .
However, when the relative levels of E-cadherin protein were compared in stained sections of different tumors, we observed the same inverse correlation as in cultured cells. Thus, the overall levels ofE-cadherin protein were relatively high and homogeneous in well-differentiated squamous cell carcinomas induced by PDV and PDVC57 cells and decreased in the moderately differentiated squamous cell carcinomas induced by HaCa4 cells (compare in Fig . 5, b and e) . In all the squamous cell carcinomas analyzed, E-cadherin staining was located at the cell-cell contact regions of differentiating cells, reproducing the expression pattern observed in normal epidermis (Nose and Takeichi, 1986) . In addition, poorly differentiated spindle cell carcinomas induced by the CarB and CarC cell lines were completely negative for both E-and Rcadherin staining (Fig. 5, h and i ). These observations suggest that instability, or even the complete switching off, of E-cadherin expression can be associated with progression to malignancy. In agreement with our results, low and unstable expression of E-cadherin has also recently been reported to occur in highly metastatic derivatives of a murine ovarian carcinoma cell line (Hashimoto Navarro et al . E-Cadherin and Malignancy in Epidermal Carcinogenesis et al., 1989) . However, it is presently unknown if such instability is the consequence ofalterations of specific transcriptional factors or due to posttranscriptional mechanisms leading to downregulation of the protein.
We have examined the influence of E-cadherin on the tumorigenic potential of carcinoma cells by introducing an exogenous E-cadherin cDNA into the HaCa4 cell line. E-cad+ HaCa4 transfectants showed a partial suppression of the tumorigenicity, giving rise to tumors with longer latency periods and a higher differentiation grade compared with the parental HaCa4 cells or control cells transfected with a neomycin resistance vector alone . Interestingly, the most noticeable effect in the suppression of tumorigenicity was observed in the transfectant E24, which has not incorporated the exogenous E-cadherin cDNA, but, for unknown reasons, has switched on its endogenous E-cadherin gene (see Fig . 7 , A and C, lanes 2). One possible explanation for this behavior could reside in a higher stability and/or stronger association to the cytoskeleton of the endogenous versus the exogenous protein. We are presently investigating this point in greater detail .
The mouse skin carcinogenesis model is being exhaustively studied in several laboratories to elucidate the molecular events associated with tumor development and progression. Activation of the H-ras protooncogene is a frequent event at the initiation stage induced by DMBA (Quintanilla et al., 1986 ; Brown et al., 1990) , but this activation is not sufficient to confer a full neoplastic phenotype on the initiated cells (Quintanilla et al., 1991) . Although further changes in the H-ras gene locus can influence tumor progression (Bremner and Balmain, 1990) , other genetic events other than ras remain to be discovered . Thus, the inactivation of tumor suppressor genes has been proposed to occur during progression from papillomas to carcinomas (Bremner and Balmain, 1990; Bianchi et al., 1990) . All cell lines used in the present study, except the nontumorigenic MCA3D cells, bore different alterations in the H-ras gene (Quintanilla et al., 1986 (Quintanilla et al., , 1991 Bremner and Balmain, 1990) . In contrast to the results reported for MDCK cells (Behrens et al., 1989) , we show here that transfection of a H-ras oncogene into MCD3D cells does not confer a fibroblastoid phenotype nor inactivates E-cadherin expression . In fact, the transfectants, as exemplified here by AT5 cells, remain epithelial, contain high amounts of E-cadherin, and are weakly tumorigenic in nude mice. Another example is provided by the cell line PDV and its derivative PDVC57 in which an increase in the H-ras mutant gene and p21 mutated product occur in PDVC57 cells (Bremner and Balmain, 1990; Quintanilla et al., 1991) . However, both cell lines remain epithelial and contain detectable amounts ofE-cadherin protein . These observations imply that activation of the H-ras protooncogene in this system is not sufficient for switching off E-cadherin expression . Although a possible influence of H-ras alterations on the stability of the protein cannot be presently discarded, further molecular events associated with progression of malignancy could account for the deregulation of E-cadherin expression in carcinoma cells.
Recent studies in mouse skin carcinogenesis indicate that loss of heterozygosity of chromosome 7, where the H-ras gene is located, is a frequent event in the final stages oftumor progression (Aldaz et al ., 1989; Bremner and Balmain, 1990; Bianchi et al., 1990) . These observations support the 53 1 existence of a putative tumor suppressor gene on chromosome 7, linked to the H-ras gene locus, involved in mouse epidermal carcinogenesis . The relevance of this suggestion relies in the factthat chromosome 7 is the murine homologue to human chromosome 11 where at least two putative tumor suppressor genes are located (Koufos et al., 1989; Haber et al., 1990) . The results reported here suggest that the putative murine tumor suppressor gene could be involved in the regulation of the differentiation state ofthe epidermal cells. Such a differentiation gene may regulate, directly or indirectly, the expression of E-and P-cadherins, as well as other epithelial markers such as the cytokeratins. In this sense, the progression from squamous cell carcinomas to spindle cell carcinomas, considered the final stage of tumor progression in mouse epidermal carcinogenesis, involves the progressive loss of cytokeratins (Klein-Szanto et al., 1989) together with the suppression ofE-and P-cadherin expression (this paper) . For instance, the CarB and CarC cell lines still express minor amounts of cytokeratins, including the simple epithelial cytokeratin CK8, a characteristic of transformed epidermal cell lines (Díaz-Guerra, M., C. Bauluz, S. Haddow, J. L. Jorcano, A. Cano, A . Balmain, and M . Quintanilla, manuscript submitted for publication) .
The possible involvement ofP-cadherin, together with that of E-cadherin, in the final stage of epidermal carcinogenesis is presently being investigated by transfection of CarB cells with E-and/or P-cadherin cDNAs.
